Current data of charmless B meson decays to two pseudoscalar mesons (P P ) and one vector and one pseudoscalar mesons (V P ) are analyzed within the framework of flavor SU(3)
symmetry, a working principle that we have tested by allowing symmetry breaking factors in the decay amplitudes and found to be a good approximate symmetry. In the P P sector, the color-suppressed tree amplitude is found to be larger than previously known and has a strong phase of ∼ −70
• relative to the color-favored tree amplitude. We have extracted for the first time the W -exchange and penguin-annihilation amplitudes. The former has a size of about the QCD-penguin amplitude and a phase opposite to that of the color-favored tree amplitude, while the latter is suppressed in magnitude but gives the dominant contribution to the B 0 s → π + π − and π 0 π 0 decays. In the V P sector, one striking feature is that the color-suppressed tree amplitude with the spectator quark ending up in the vector meson has a large size and a strong phase of ∼ −90
• relative to the color-favored tree amplitudes. The associated electroweak penguin amplitude also has a similar strong phase and a magnitude comparable to the corresponding QCD penguin amplitude. This leads to a large branching fraction of order 10 −6 for B 0 s → φπ 0 . In contrast, the color-suppressed tree, QCD penguin, and electroweak penguin amplitudes with the spectator quark ending up in the pseudoscalar meson have magnitudes more consistent with naïve expectations. Besides, current data are not sufficiently precise for us to fix the W -exchange amplitudes. For both the P P and V P sectors, predictions of all the decay modes are made based upon our preferred fit results and compared with data and those made by perturbative approaches. We have identified a few observables to be determined experimentally in order to discriminate among theory calculations.
I. INTRODUCTION
Thanks to experimental efforts in the past decade or so, branching fractions and CP asymmetries of most charmless B u,d meson decays to two pseudoscalar mesons (P P ) and one vector and one pseudoscalar mesons (V P ) had been measured. Those of a few B s decays were also observed.
Such information has provided an ideal realm for us to test our theoretical understanding of heavy quark systems as well as to put constraints on new physics interactions. Before the LHCb resumes its flavor physics program and the super B factory starts its operations, both running at higher sensitivities and statistics, it is timely to examine current data on these decay modes, check their consistency, and make predictions for observables of yet observed ones, particularly the B s decays.
Based on effective field theories, there are three major QCD-inspired approaches to hadronic B decays; namely, the QCD factorization (QCDF) [1] , perturbative QCD (pQCD) [2] , and softcollinear effective theory (SCET) [3] . They differ in the treatment of dynamical degrees of freedom at different mass scales. Nevertheless, factorization for hadronic matrix elements of tree-level processes is proved at the leading order in Λ QCD /m b , where Λ QCD and m b denote respectively the typical hadronic scale and the b quark mass.
In contrast to the perturbative analysis, the flavor diagram approach [4] is non-perturbative in nature. It makes use of flavor SU(3) symmetry to relate decay diagrams, both sizes and associated strong phases, of the same topology but differing in the light quarks. One advantage of this approach is to extract the decay matrix elements directly from data without reference to any specific model. In particular, the theory parameters extracted from data in this formalism encompass effects of strong interactions to all orders, including long-distance rescattering as well. In the past, we have thereby gained valuable knowledge about strong dynamics in various decay diagrams. For example, the color-suppressed diagram is known to be larger than naïvely expected and has a sizeable strong phase that cannot be calculated from first principles. Though a challenge for theorists, this has taught us that our current understanding of quantum chromodynamics (QCD) at the low energies is insufficient.
Quite a few analyses of rare hadronic B decays in the flavor diagram approach [5] [6] [7] had been done before based on the available data then. In this work, we want to update the analyses using the latest data. With more and better determined data than before, we observe for the first time the need of the W -exchange and penguin annihilation amplitudes in the P P decays. As another example, we find one electroweak penguin amplitude in the V P decays larger than naïve expectations. It is therefore worth studying what are the implications of such new findings. More importantly, based on the theory parameters extracted from χ 2 fits, we make predictions for yet measured observables and compare with those made by QCDF, pQCD, and SCET calculations.
This paper is organized as follows. In Section II, we review the flavor diagram approach employed in our analysis, listing all the flavor amplitudes considered in this work. In Section III, we describe the general procedure of χ 2 fits to determine the size and strong phase of each flavor amplitude using the latest experimental data. As no significant quantitative changes in the extracted theory parameters are found when symmetry breaking factors are introduced, we choose to present only the fit results under exact flavor SU(3) symmetry. Afterwards, we divide our analyses into two parts: Section IV for the P P sector and Section V for the V P sector. For each sector, we first present experimental data and flavor amplitude decomposition for each mode, followed by the results of theory parameters extracted from χ 2 fits to B u,d decays in various schemes differing in whether certain modes and/or flavor diagrams are included or not. Measured observables in the B s decays are purposely left out from the fits to test the flavor symmetry. We discuss implications of these results and consider different fit schemes when necessary. Finally, we make predictions for the branching fractions and CP asymmetries of all the decay modes based on the preferred fit results. A comparison between our predictions and others' can be found at the end of each section.
In Section VI, we compute the effective Wilson coefficients a 1 and a 2 for a few representative modes and compare them with values derived from perturbation approaches. Conclusions of our work are given in Section VII.
II. FLAVOR DIAGRAM APPROACH
Transition amplitudes for heavy meson decays can be categorized according to their flavor flow topologies. Among these flavor diagrams, seven types had been identified to play indispensable roles in explaining the data. Leaving out the Cabibbo-Kobayashi-Maskawa (CKM) factors, they are:
• T , denoting the color-favored tree diagram with external W emission;
• C, denoting the color-suppressed tree diagram with internal W emission;
• E, denoting the W -exchange diagram;
• P , denoting the QCD penguin diagram;
• S, denoting the flavor-singlet QCD penguin diagram;
• P EW , denoting the electroweak (EW) penguin diagram;
• PA, denoting the penguin annihilation diagram.
T and C are expected to be the most dominant amplitudes, with C being naïvely smaller than T by a color factor of 3. E is suppressed by helicity and/or hadronic form factors. The rest four types of amplitudes are suppressed by loop factors. Compared to the first five types of diagrams, the EW penguin diagram is one order higher in weak interactions and thus even smaller in strength. As we will see, however, current data show a less clear hierarchy as mentioned above. This is a hint of possibly non-perturbative strong dynamics at play. The above seven flavor diagrams are sufficient to explain the observed data for the P P modes. In the case of the V P modes, both the W -exchange and the penguin annihilation diagrams are not called for by data at the current precision level.
Otherwise, the number of flavor diagrams is doubled. This is because one has to distinguish cases where the spectator quark in the B meson ends up in the vector or pseudoscalar meson in the final state. The corresponding flavor diagram symbols are added with a subscript V or P , respectively.
These two sets of amplitudes are different a priori. Yet they can be related to each other under the assumption of factorization. Each amplitude mentioned above can be factored as its modulus multiplied by an associated strong phase. Moreover, we take the convention of fixing T (in the case of P P decays) and T P (in the case of V P decays) to be real, and all the other strong phases, denoted by δ X for amplitude X, are relative to these amplitudes. For completeness, we will also include in the following flavor amplitude decomposition the color-suppressed EW penguin diagram P C EW that is both loop-suppressed and sub-leading in weak interactions, thereby not taken into account in our numerical analyses.
We fix the phase convention of the iso-doublet anti-quarks in such a way that (d, −u) T transforms exactly the same as (u, d) T [8] for the convenience of isospin symmetry analysis. As a result, the quark contents for light pseudoscalar mesons are (uu + dd) and η s = ss in the following way [9] :
where the mixing angle φ is fixed at 46 • [10] for subsequent analyses.
In physical processes, the above-mentioned flavor amplitudes always appear in certain combinations, multiplied by appropriate Cabibbo-Kobayashi-Maskawa (CKM) factors. Therefore, we introduce small letters to denote these combinations:
where unprimed and primed amplitudes represent strangeness-conserving (∆S = 0) and strangeness-changing (|∆S| = 1) transitions, respectively, and
, s and V′ being a CKM matrix element. In the case of penguin amplitudes, we have utilized the unitarity relation to integrate out the top quark. Moreover, the factors ξ t,c,p,s are introduced as SU(3) breaking factors for the corresponding flavor diagrams when going from ∆S = 0 transitions to |∆S| = 1 transitions. They are unity in the limit of flavor SU (3) symmetry. One working assumption here is that the strong phase of each flavor diagram is identical for ∆S = 0 and |∆S| = 1 ones.
Through a Fierz transformation, the EW penguin operators contributing to P EW and P C EW can be related to the tree operators responsible for T and C [11] , leading to the relations
where, in terms of the Wilson coefficients C i [12] ,
from perturbative calculations. This is smaller than what we find from data.
We will employ the Wolfenstein parameterization for the CKM matrix elements. Since the
2 ) have been determined to a high precision by other processes, we simply adopt their central values given by the CKMfitter Group [13] : 
We also take the central values of the B meson lifetimes τ B + = (1.641 ± 0.008) ps, τ B 0 = (1.519 ± 0.007) ps and τ Bs = (1.497 ± 0.015) ps [14] .
III. GENERAL ASPECTS OF DATA FITTING
For a two-body B meson decay process, the decay width is given by
where m B is the B meson mass, p denotes the magnitude of the 3-momentum of either meson in the final state, M 1,2 can be either a pseudoscalar or a vector meson, and M represents the corresponding decay amplitude. The branching fraction of each mode is obtained by multiplying the CP-averaged partial width,
The direct CP asymmetry is defined as
where
In the case where a neutral B meson and its charge conjugate can decay into the same final state f CP , the associated time-dependent CP asymmetry is defined as
where ∆m B is the difference between the two mass eigenvalues of the neutral B mesons, S is the mixing-induced CP asymmetry, and A is the direct CP asymmetry. These time-dependent CP asymmetries are calculated to be
for B 0 (or B s ) meson decays, A f denotes the B 0 → f CP decay amplitude and A f the conjugate amplitude.
In our approach, the branching fractions and CP asymmetries of decay modes become functions of the moduli and strong phases of the flavor amplitudes. We extract these theory parameters through a χ 2 fit to data. Uncertainties of the experimental data, including the scale factor when applicable, are used in the fits. After finding the parameters that render the minimal χ 2 value, χ 2 min , we take them as the central values and scan for their 1-sigma ranges. We have done full standard deviation scans and observed that the correlations among the parameters are sufficiently small and would lead to tiny differences in predictions. Therefore, for simplicity and convenience in presentation, our results below assume no correlations in the theory parameters.
As to the experimental data, we quote mostly the world-averaged results given by the Heavy Flavor Averaging Group (HFAG) [15] and new data from the LHCb Collaboration [16] [17] [18] [19] , the Belle Collaboration [20] and the recent ICHEP updates [21, 22] . When there is a large discrepancy among data of different experimental groups, we do the weighted average by ourselves and include a scale factor in the standard deviation.
In our fits, we only make use of the observables in the decays of B + and B 0 mesons, as data of the B s decays are comparatively scarce. Moreover, we generally divide our fits into two categories: one being restricted to the decay modes involving no flavor-singlet diagrams (Schemes A and B in the P P sector and Scheme A in the V P sector), and the other being for all the decay modes (Schemes C and D in the P P sector and Schemes B and C in the V P sector). The former restricted fits avoids the uncertainty in the η-η ′ mixing, and serves as a guide to looking for a reasonable solution in the latter global fits.
IV. THE B → P P SECTOR Current experimental data on branching fractions and CP asymmetries as well as the flavor amplitude decomposition for all the B → P P decays are given in Table I and Table II for strangenessconserving and strangeness-changing transitions, respectively. According to our prescription in Section II, there are totally 13 theory parameters to fit in this sector. Due to the hierarchy in CKM factors, the T , C and E amplitudes are mainly determined by the |∆S| = 0 transitions and the P , S and P EW amplitudes by the |∆S| = 1 transitions.
Four schemes of fitting are performed in our analysis. In Schemes A and B, we do restricted fits to data without and with the E and P A amplitudes, respectively. In a similar fashion, we work out global fits to data in Schemes C and D, but with the S amplitude also taken into account.
Since the B 0 → K + K − decay involves only the E and PA amplitudes, this mode is left out in Schemes A and C. In our trial fits, we find that the observables of the B + → η ′ π + decay have large contributions to the χ 2 value. Removing them does not change the values of theory parameters much while the fit quality improves significantly. We therefore do not include them in the fits, either. In summary, we have 21 observables for 7 parameters in Scheme A, 22 observables for 11 parameters in Scheme B, 32 observables for 9 parameters in Scheme C, and 33 observables for 13 parameters in Scheme D. We have tried to vary the symmetry breaking factors ξ's, but observed 
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|S| --0.080 ± 0.007 0.079 ± 0.006 has values 0.7 that are not only at odds with the ratio of the effective Wilson coefficient a 2 to a 1 , with a typical value of about 0.20 [23] in the QCDF calculations, but even larger than those found in previous analyses [6] . Comparing Schemes A and B or Schemes C and D, the ratio has a reduced central value when the E and PA amplitudes are included in the fits. Such a large |C| could be thought to be attributed to some particular set of observables, such as the B 0 → π 0 π 0 and/or K 0 π 0 decays. To examine this idea, we have tried fits without observables of the π 0 π 0 or K 0 π 0 decays, where the C amplitude plays an essential role, and compared them with Scheme B (to avoid complications from modes with η or η ′ ). After trying new fits without some of the observables of the π 0 π 0 and K 0 π 0 modes, we see no reduction in |C| and no significant difference in the other parameters, except for the phase δ P EW , as shown in Table IV . This implies that the large |C| is required not just by any individual modes mentioned above. We shall see below that a large complex C amplitude is a consequence of fitting to the observed direct CP asymmetries 
9.55 9.58 9.00 in B → Kπ decays. We note in passing that the P EW amplitude has a strong phase of ∼ −80 • according to the global fits in Schemes C and D. Such a large phase is unexpected within the perturbative formalism. A similar phase is also found in the P EW,V amplitude for the V P decays.
In the absence of the c ′ amplitude, we see from Table II that the K + π 0 and K + π − decays are expected to have the same CP asymmetry. However, experimentally A CP (K + π 0 ) = 0.040 ± 0.021 has a sign opposite to that of A CP (K + π − ) = −0.082 ± 0.006 (see Table II ). This leads to the
non-vanishing CP asymmetry difference at 5σ level. When the large complex amplitude C is turned on, one can explicitly check that the sign of A CP (K + π 0 ) is flipped and hence this basically resolves the Kπ puzzle. Moreover, it helps solve the rate deficit problem with the B 0 → π 0 π 0 decay.
One piece of evidence that one can take ξ p = 1 comes from a comparison between |p| and |p ′ |. When the color-suppressed EW penguin amplitude is neglected, the ratio of them is equal to
To obtain this ratio, we take the averaged amplitude of B + → K + K 0 and B 0 → K 0 K 0 , both of which involve only the p amplitude, and compare it with the amplitude obtained from B + → K 0 π + , which involves purely p ′ . In the end, we find the ratio to be 0.23±0.01, consistent with |V cd |/|V cs | ≃ 0.23. Therefore, the flavor SU(3) breaking is negligible for penguin amplitudes.
The flavor-singlet amplitude plays an essential role particularly in explaining the branching fractions of the η ′ K decays. It is found to be ∼ 60% of the QCD penguin amplitude and ∼ 4 times larger than the EW penguin amplitude. The associated phase is ∼ −100 • with respect to the T amplitude.
It is noted that the fit quality of Scheme C is one order of magnitude worse than that of Scheme A. However, the extracted parameters show sufficient consistency, with |T |, |P |, |E|, |S| and their associated strong phases having high stability across the fits. The strong phase of the EW penguin amplitude, δ P EW , is most unstable when we go from restricted fits to global fits, with corresponding small changes in the magnitude and phase of C. However, both the magnitude and strong phase of P EW are pretty stable within the restricted or global fits, independent of whether E is included or not.
We have tried a fit with the η-η ′ mixing angle φ as a free parameter. It turns out that the data also favor a value around 46 • quoted in Ref. [10] . By modifying Schemes C and D to include φ as an additional parameter, for example, we obtain φ = (49
• , respectively. If we fix φ at the "magic mixing angle" of 35.3 • , some observables will deviate a lot from measurements, notably the branching fractions of B + → ηK + and B + → π + π 0 , and therefore result in an even higher χ 2 min . We have also tried fits with ξ t,c = f K /f π and ξ p,s = 1, but see no significant change in the fit quality. We thus conclude that the flavor SU(3) symmetry in this sector is a sufficiently good working principle.
B. Predictions
Using the fit results obtained in the previous section, we predict the branching fractions and CP asymmetries of all the P P decay modes. Such predictions serve three purposes: (i) to see whether the fit results are compatible with individual measured observables, (ii) to compare with
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20.20 ± 0.39 predictions made by perturbative approaches, and (iii) to test the working assumption of flavor SU(3) symmetry using future measurements of the yet observed ones, particularly those of the B s meson decays. Our predictions based on Scheme B are given in Table V for all the B decays without involving the flavor-singlet contribution.
It is noted that the CP asymmetries of some modes are predicted to be zero because they involve [26] 4.9 ± 1.7 ± 1.0 ± 0.5
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+1.3+0.9 −0.6−0.6 2.4 0.23 ± 0.08 [26] 0.88 ± 0.54 ± 0.06 ± 0.42 0.018 ± 0.011 [27] 1.0 ± 0.5 ± 0.1 ± 1.5 [28, 30] and SCET predictions from Ref. [31] . The pQCD predictions taken from Ref. [24] are for S e = −π/2 with S e being a strong phase induced by Glauber gluons.
only a single flavor diagram in our analysis. The uncertainty in S(B s → K 0 K 0 ) comes purely from the errors in the CKM matrix elements, which we take to be zero, and is thus vanishing.
For global fits in the P P sector, we choose to present the predictions based on Scheme D in Tables VI-VIII. Table VI lists the branching fractions of all the B 0,+ decays, Table VII the CP asymmetries of all the B 0,+ decays, and Table VIII all the observables for the B s decays. In all the tables, we also list available experimental data and predictions made by QCDF, pQCD, and SCET.
In the following, we discuss those observables with large discrepancies between our prediction and data or other approaches.
As seen in [26] 0.21 ± 0.12 ± 0.10 ± 0.14 [29] 0.011 ± 0.006 ± 0.012 ± 0.002 it is expected that the latter has an even larger branching fraction than the former. It is noted that there is a significant difference, characterized by the scale factor of 1.36, for this observable among BaBar, Belle, and CLEO.
It is a well-known problem that the branching fraction of B 0 → π 0 π 0 used to be significantly larger than most perturbative calculations. 1 A preliminary Belle measurement of 1 It is known that there is a huge cancelation between the vertex and naïvely factorizable terms so that the real part of the C amplitude is governed by spectator interactions, while its imaginary part comes mainly from the 18.2 ± 6.7 ± 1.1 ± 0.5 puzzle by enhancing the spectator contribution to C: one of them is to consider the Glauber gluon effects in the BF (B 0 → π 0 π 0 ) = (0.90 ± 0.12 ± 0.10) × 10 −6 [21] brings it closer to the estimates made by QCDF and SCET, although the weighted average has the largest scale factor in the P P sector.
Our predictions are about 20% and 60% larger in Schemes B and D, respectively. As alluded to before, this is due to a large |C| demanded by other observables.
The measured branching fraction of B 0 → η ′ π 0 is much larger than the predictions made by QCDF and pQCD. It can be nicely explained within our approach due to constructive interference between the QCD penguin and flavor-singlet diagrams, which subtend a phase less than 90 • .
In Table VII 
, and S(η ′ η ′ ) are quite different, and awaits more precise measurements to determine which one is favored.
With reference to Table VIII The pQCD approach gives much smaller branching fraction predictions in the B s → π 0 K 0 , ηK 0 , η ′ K 0 modes in comparison with the others. The ηη ′ and η ′ η ′ modes are predicted by us to have the largest branching fractions among the B s decays, whereas pQCD gives somewhat lower values for both. As to the CP asymmetries, the following ones show significant disagreements among theory spectator amplitudes [24] , and the other argued that the renormalization scale for hard spectator interactions is significantly lower after applying the principle of maximum conformality [34] .
, and S(η ′ π 0 ). In particular, our predictions for S(ηK S ), S(ηπ 0 ), and S(η ′ π 0 ) are close to 1, whereas most others are smaller.
As far as the central values are concerned, our predictions for BF (ηπ 0 ) and BF (η ′ π 0 ) are roughly the same because of φ = 46 • and are larger than most other perturbative calculations because they are dominated by the C amplitude.
V. THE B → V P SECTOR
Current experimental data on branching fractions and CP asymmetries as well as the flavor amplitude decomposition for all the B → V P decays are given in Table IX and Table X for strangeness-conserving and strangeness-changing transitions, respectively. There are totally 23 theory parameters to fit in this sector, 15 of them are involved in Scheme A. We perform three types of fits here. Scheme A is limited to those modes not involving the flavor-singlet amplitudes.
Scheme B is a global fit to all V P data points using all the theory parameters except for the W -exchange amplitudes. Finally, the E P,V amplitudes are included in the global fit of Scheme C.
We first enumerate the data points not included in our χ 2 fits. There is a large scale factor in the branching fraction of B 0 → K * 0 π 0 and its CP asymmetry is only reported by BaBar [36] . As we will see, all theoretical calculations predict a negative CP asymmetry for the B 0 → ρ 0 π + decay, whereas the data, only measured by BaBar [37] , give the opposite sign. Therefore, we remove these data points from the fits to improve the fit quality. We then have 27 observables for 15 parameters in Scheme A, 51 observables for 19 parameters in Scheme B, and 51 observables for 23 parameters in Scheme C. As in the P P sector, all the SU(3) breaking factors ξ's are fixed at unity in all the presented schemes.
Among all the data points, some conversion has to be done for the B 0 → ρ ± π ∓ observables as experimental data do not directly provide the quantities required by us. First, we extract individual branching fractions of B 0 → ρ − π + and B 0 → ρ + π − according to
where the experimental data for BF ±∓ ρπ , C, ∆C and A ρπ are given in Table XI . Time-dependent CP asymmetries are given by
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where a bar over the amplitudes denotes CP conjugation. Table XII summarizes the results of the three fits. This sector also shows a general hierarchy:
The fit quality drops as we include the S P,V and E P,V amplitudes. The uncertainties in many parameters in Scheme C, notably the color-allowed and color-suppressed tree amplitudes, are significantly larger than the corresponding ones in the other two schemes. Moreover, the large error bars on the magnitudes and phases of the E P,V amplitudes in Scheme C suggest that the current data precision is unable to fix these amplitudes well. Therefore, we consider the fit in Scheme C less reliable, and will instead use Scheme B as the preferred one in our later discussions and predictions. We have tried and observed that there is no significant improvement in fit quality by including the SU(3) breaking factors, which are found to be consistent with unity. We have also tried a global fit as in Scheme B but with the mixing angle φ free to vary. It is found that φ = (43 ± 6) • , and the fit quality decreases slightly to 13%.
The QCD penguin amplitudes are quite stable across the fits, with the penguin-dominated B + → K * 0 π + and B + → ρ + K 0 decay being essential in fixing |P P | and |P V |, respectively. The relative strong phase between T V and T P is consistent with zero. Doing a global fit without the flavor-singlet amplitudes gives essentially the same values for most parameters as in Scheme A, except for C V and P EW,V , but has a much worse fit quality, indicating a strong need for the S P and S V amplitudes. Unlike what we obtain in the P P sector, the magnitude of S P,V are smaller than P EW,P,V , as shown in Scheme B.
The major differences between the restricted fit in Scheme A and the global fit in Scheme B are in the color-suppressed tree and EW penguin amplitudes. Going from Scheme A to Scheme B, the central value of |C P | reduces slightly while that of |C V | increases. Correspondingly, P EW,P Parameter Scheme A Scheme B Scheme C and P EW,V also have changes in both sizes and phases. It is noticed that the error bars associated with |C P,V | and |P EW,P V | are the largest among all parameters, about 25% to 30%. An immediate consequence of such large uncertainties is that our predictions for modes involving these amplitudes tend to have larger errors e.g., BF (B 0 → ρ 0 π 0 ), BF (B + → K * + π 0 ) and BF (B + → ρ 0 K + ).
As the C amplitude in the P P sector, the C V amplitude has a large size and is about twice larger in magnitude than the C P amplitude. The ratios of |C V /T P | and |C P /T V | in Schemes A Scheme A Scheme B
|C V /T P | 0.57 ± 0.26 0.62 ± 0.14
TABLE XIII: Magnitudes of the ratios of color-suppressed tree amplitude to the color-allowed tree amplitude based on different schemes in Table XII. and B are given in Table XIII . Although with large errors, C P and C V have strong phases around −30 • and −90 • , respectively, relative to the color-allowed tree amplitudes. Also related to the fact of |C V /C P | ≃ 2, our fit results show that |P EW,V /P EW,P | , |S V /S P | ≃ 2 as well. A further comparison of the color-suppressed tree amplitudes to the color-allowed tree amplitudes will be made in Section VI.
The QCD penguin amplitudes are about one order of magnitude smaller than the color-allowed tree amplitudes, with |P P | slightly larger than |P V |. It is noted that P P and P V are almost opposite in phase, in agreement with the proposal made in Ref. [38] . This property results in constructive and destructive interference effects in the ηK * and η ′ K * modes, respectively. Similar effects on several ∆S = 0 decays (e.g., ρ 0,0,+ π 0,+,0 , ηρ, η ′ ρ, · · · etc.) are less prominent because of the CKM factor suppression. Besides, P P has only a small strong phase of ∼ −20 • relative to T P , so that P V is almost opposite to both T P and T V . This leads to a significant interference effect on modes involving the color-allowed tree and QCD penguin amplitudes. For example, as given in the next subsection, the B s → ρ + K − is predicted to have the largest branching fraction of order 15 × 10 −6 among the B s → V P decays.
One of the striking features in our diagrammatic analysis is that the electroweak penguin amplitude P EW,V is comparable in magnitude to the QCD penguin amplitude P V (see Table XII ).
In contrast, |P EW | is suppressed by one order of magnitude relative to |P | in the P P sector.
This observation has some important implications for CP violation in the K * π modes and for the branching fractions of B s → φπ 0 (and φρ 0 as well). In the absence of the c ′ V amplitude, we see from Table X that the K * + π 0 and K * + π − decays should have the same CP asymmetry. Just as in the B → Kπ decays, a sign flip in A CP (K * + π 0 ) will occur in the presence of a large complex C V (this can be checked by using any value of C V extracted in Table XII ). This is in contradiction with the experimental observation that CP asymmetries of K * + π 0 and K * + π − are of the same sign. This enigma can be solved by noting that
Since |Y c sb | ≫ |Y u sb | and |P EW,V | ∼ |P V |, the P EW,V amplitude will make a substantial contribution to c ′ V and render A CP (K * + π 0 ) a correct sign. In the Kπ case, the electroweak penguin P EW is suppressed relative to the QCD penguin P . It will affect the magnitude of A CP (K + π 0 ), but not its sign.
B. Predictions
Tables XIV to XVIII present our predictions for all the B → V P observables based on Scheme B in Table XII , along with those made in the QCDF, pQCD and SCET approaches. In the following, we highlight observables where there exist disparities among our predictions, experimental data and other theoretical calculations. Table XIV shows the branching fractions of all the B +,0 decays. Compared to the current data, all theoretical calculations including ours expect a smaller branching fraction for B + → ρ + η ′ . Since the penguin amplitudes are much less important, the B + → ρ + η ′ decay rate should be about half that of ρ + π 0 and about the same as that of ρ + η with our choice of φ. Naïvely, it is expected that B 0 → K * + π − has a rate larger than that of B + → K * + π 0 owing to the wavefunction of the π 0 . Indeed, this is the pattern predicted by all the existing perturbative approaches in Table XIV . However, the experimental measurements and our fit results indicate that their rates are comparable and the latter has even a slightly larger branching fraction. This has to do with the sizeable c ′ V amplitude which contributes constructively to B + → K * + π 0 . The B + → K * 0 π + decay involves purely the p ′ P amplitude. All the theoretical calculations except the pQCD give roughly the same branching fraction as the measured value. The branching fraction of B 0 → K * 0 K 0 decay can be estimated under flavor SU(3) symmetry to be about 0.43 × 10 −6 , which agrees with the SCET prediction. The B 0 → K * 0 K 0 and B + → ρ + K 0 decays involve only the p V and p ′ V amplitude, respectively. Therefore, the branching fraction of the former can be inferred by the SU(3) symmetry from that of the latter to be about 0.29 × 10 −6 . In comparison, all the perturbative calculations have a prediction of central value at about 0.5 × 10 −6 . A determination K * + π 0 9.2 ± 1.5 9.79 ± 2.95 6.7 ± 0.7 respectively. The pQCD predictions taken from [24] are for S e = −π/2 with S e being a strong phase induced by Glauber gluons. We have followed the prescription outlined in Sec. V to convert the B 0 → ρ ± π ∓ observables in Ref. [24] into the ones for of these yet measured modes can test the SU(3) symmetry and theories.
With reference to ρ + π − 0.07 ± 0.14 −0.049 ± 0.074 ∼ −0.22 [24] ρ stressed that BaBar has found the first evidence of direct CP violation in the decay B + → K * + π 0 ,
A CP = −0.52 ± 0.14 ± 0.04 ± 0.04, from the preliminary analysis of B + → K S π + π 0 decay [22] .
Our prediction of A CP = −0.116 ± 0.092 is substantially smaller. Hence, it is important to have independent measurements of CP asymmetry for this mode. Note that the predicted A CP (K * + π 0 )
by QCDF [30] has a wrong sign when confronted with experiment. As discussed before, this may be attributed to the large complex P EW,V amplitude whose effect was not considered in [30] . Theories have diverse predictions in the sign and/or magnitude of several asymmetries, such as the B + → ρ + η and K * + η ′ modes and B 0 → K * 0 η mode. Therefore, a better experimental determination of these observables will be very useful in checking theory calculations. There also exist diverse predictions for the CP asymmetries of the ρ 0 η (′) , ωπ 0 , ωη (′) modes. Yet a measurement of them in the near future is unlikely due to their small branching fractions. Predictions for the time-dependent CP asymmetries S of all the B +,0 decays are given in Table XVI , where one also observes diverse predictions for the more difficult ρ 0 η (′) , ωπ 0 , ωη (′) modes.
We next turn to the B s sector. Although evidence of the B s → K * − π + and K * ± K ∓ decays have been seen, none of the B s → V P decays have been firmly established yet. In Table XVII, theoretical calculations differ in the branching fractions of the
φK 0 , φπ 0 and φη ′ modes. In particular, the predicted branching fractions of K * 0 π 0 and φπ 0 modes in our work are much larger than those made by the theoretical calculations based on the shortdistance effective Hamiltonian. This is mainly because we have a large C V amplitude involved in both modes and a large P EW,V amplitude for the latter. (work 2), respectively. c ′ V amplitude. As explained in Section V-A, since |Y c sb | ≫ |Y u sb | and |P EW,V | ∼ |P V |, the P EW,V amplitude makes a substantial contribution to c ′ V and enhances BF (B s → φπ 0 ) to the level of 2 × 10 −6 . It has been claimed in the literature [45] that if this decay mode is observed at the level of 10 −6 , it will be a signal of new physics effect on P EW,V . In our diagrammatic analysis of the experimental data, P EW,V is found to be large and complex. Whether or not this is related to new physics is another issue which will not be addressed here.
All the theory predictions on BF (B s → K * − π + ) are consistent with one another, but more than twice larger than the central value of current data. In fact, the B s → K * − π + decay and the predictions and the measured value of BF (B s → K * ± K ∓ ) are in good agreement within errors.
Turning to CP asymmetries in Table XVIII, However, these observables are difficult to measure because of the small branching fractions except for possibly the φπ 0 mode.
VI. COMPARISON WITH FACTORIZATION FOR a 1,2
In the factorization approach, the color-allowed tree amplitude and the color-suppressed tree amplitude for a B → M 1 M 2 decay can be computed as follows:
where M 1 and M 2 can be pseudoscalar or vector mesons, and a 1 (M 1 M 2 ) and a 2 (M 1 M 2 ) are the effective Wilson coefficients. The hadronic matrix element X (BM 1 ,M 2 ) , denoted by A M 1 M 2 in [46] , can be factorized into a product of decay constant and form factor: 
For numerical calculations, we take the decay constants and form factors given in Ref. [47] .
In Table XIX , we list |a 1,2 | and the ratio |a 2 /a 1 | for various modes as extracted based on Scheme A for both P P and V P modes in our analyses. Because of SU(3) breaking effects in meson masses, decay constants and form factors, the extracted parameters a 1,2 vary from channel to channel. This has the advantage of a more direct comparison with the effective Wilson coefficients calculated in the perturbative approach. For example, perturbative calculations have |a 1 (π + π 0 )| = 1.015 ± 0.024 and |a 2 (π + π 0 )| = 0.218± 0.103 [48] , while our work has |a 1 (π + π 0 )| and |a 2 (π + π 0 )| to be 0.82± 0.02 and 0.66 ± 0.06, respectively. From the table, it is seen that |a 2 /a 1 | is larger than ∼ 0.7 in the P P sector. In the V P sector, the |a 2 /a 1 | is around 0.3 for decay modes involving T V and C P , yet larger than ∼ 0.7 for those involving T P and C V .
VII. CONCLUSIONS
In order to make predictions for all of the B → P P and B → P V decays, a set of theory parameters has to be determined from experiment. To achieve this goal, we have performed χ 2 fitting within the framework of the diagrammatic approach based on flavor SU(3) symmetry. We have obtained the 1-σ ranges of each theory parameter and used them to make predictions.
The main results of the present work are:
• In the P P sector, the color-suppressed tree amplitude C is found to be larger than previously known and has a strong phase of ∼ −70 • relative to the color-favored tree amplitude T . We have extracted for the first time the W -exchange E and penguin-annihilation PA amplitudes.
The former has a size of about the QCD-penguin amplitude and a phase opposite to that of T , while the latter is suppressed in magnitude but gives the dominant contribution to the B 0 s → π + π − and π 0 π 0 decays due to the enhancement in CKM matrix elements.
• The flavor-singlet amplitude for decays involving SU(3) F -singlet mesons plays an essential role particularly in explaining the branching fractions of the η ′ K decays. The associated phase is ∼ −100 • with respect to the T amplitude. The branching fraction of B 0 → η ′ π 0 is predicted much larger than other theory predictions and closer to the measured value due to a constructive interference between the QCD penguin and flavor-singlet diagrams, which subtend a phase less than 90 • .
• The ratio |C/T | has values 0.7. It is tempting to conjecture that such a large |C| could be attributed to some particular set of observables, such as the B 0 → π 0 π 0 and/or K 0 π 0 decays. We have examined this issue and found that the large |C| is required not just by any individual modes mentioned above. We have shown that a large complex C results from a fit to the observed direct CP violation in B → Kπ decays.
• We have tested flavor SU(3) symmetry, a working principle in the present work, by allowing symmetry breaking factors in the decay amplitudes, and found that it is indeed a good approximate symmetry.
• In the V P sector, the color-suppressed tree amplitude C V with the spectator quark ending up in the vector meson has a large size and a strong phase of ∼ −90 • relative to the colorfavored tree amplitudes. The associated electroweak penguin amplitude P EW,V also has a similar strong phase and a magnitude comparable to the corresponding QCD penguin amplitude P V . In contrast, the color-suppressed tree, QCD penguin, and electroweak penguin amplitudes with the spectator quark ending up in the pseudoscalar meson have magnitudes more consistent with naïve expectations. Besides, current data are not sufficiently precise for us to fix the W -exchange amplitudes.
• The observation of the P EW,V and P V amplitudes comparable in magnitude has some important implications. For example, it explains why the CP asymmetries of B + → K * + π 0 and B 0 → K * + π − are of the same sign and predicts a large branching fraction of B s → φπ 0 at about 2 × 10 −6 , one order of magnitude larger than conventional theory predictions.
• For both the P P and V P sectors, predictions of all the decay modes are made based upon our fit results and compared with data and those made by perturbative approaches. We have identified a few observables to be determined experimentally in order to discriminate among theory calculations. 
